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Abstract: All-cellulose composites with a potential application as food packaging films were prepared
by dissolving microcrystalline cellulose in a mixture of trifluoroacetic acid and trifluoroacetic
anhydride, adding cellulose nanofibers, and evaporating the solvents. First, the effect of the solvents
on the morphology, structure, and thermal properties of the nanofibers was evaluated by atomic force
microscopy (AFM), X-ray diffraction (XRD), and thermogravimetric analysis (TGA), respectively. An
important reduction in the crystallinity was observed. Then, the optical, morphological, mechanical,
and water barrier properties of the nanocomposites were determined. In general, the final properties
of the composites depended on the nanocellulose content. Thus, although the transparency decreased
with the amount of cellulose nanofibers due to increased light scattering, normalized transmittance
values were higher than 80% in all the cases. On the other hand, the best mechanical properties
were achieved for concentrations of nanofibers between 5 and 9 wt.%. At higher concentrations, the
cellulose nanofibers aggregated and/or folded, decreasing the mechanical parameters as confirmed
analytically by modeling of the composite Young’s modulus. Finally, regarding the water barrier
properties, water uptake was not affected by the presence of cellulose nanofibers while water
permeability was reduced because of the higher tortuosity induced by the nanocelluloses. In view of
such properties, these materials are suggested as food packaging films.
Keywords: All-cellulose nanocomposites; trifluoroacetic acid; trifluoroacetic anhydride; transparency;
robustness; packaging material
1. Introduction
The massive use of petroleum-based plastics in disposable food packaging materials has triggered
a global social concern, mainly because of the pollution derived from their synthesis and the related
littering problems [1–4]. For this reason, a new model of economic activity, namely “circular economy,”
has emerged [5–7]. Among the different proposals of a circular economy applied to these plastics,
the production of bio-based plastics from alternative feedstocks such as agro-food by-products and
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naturally occurring biopolymers is a strategy that is attracting the attention of researchers [8–15].
Cellulose is the most abundant polymer on Earth with an annual biomass production of about 1.5 ×
1012 tons per year, being, hence, one of the most promising bio-renewable resources for reducing and
replacing the huge amount of petroleum-based plastics. Cellulose shows full biodegradability in soil
and seawater over short times, is lightweight and has excellent mechanical strength [16–18]. Among the
vast group of cellulose materials, all-cellulose composites (ACCs) are a category of particular interest.
These composites are materials in which both the reinforcement and the matrix are cellulose [19,20].
The use of the same material acting as matrix and reinforcement increases the compatibility between
the phases and, therefore, the mechanical properties of the composite [21]. Two different procedures
have been reported for the preparation of all-cellulose composites [20,22]. The first is a two-step method
in which cellulose is partially dissolved and then regenerated in the presence of undissolved cellulose.
Thus, regenerated and undissolved cellulose fractions may come from different natural origins [23].
The second procedure consists of a one-step method where the surface of cellulose is partially dissolved
and regenerated in situ to create a matrix around the non-dissolved portion. The most common solvents
employed in these processes are LiCl/DMAc, N-Methylmorpholine N-oxide (NMMO), NaOH, and
the ionic liquid 1-butyl−3-methylimidazolium chloride [20]. Nevertheless, partial and slow cellulose
dissolution and non-recyclability have limited the use of these solvents on an industrial scale. In any
case, the dissolution process described above for both methods is followed by subsequent solvent
removal, cellulose regeneration, and drying [20]. The result of such a process is an all-cellulose
composite with exceptional mechanical properties [24], optical transparency [25], and improved
barrier properties [22] with respect to regenerated cellulose, as well as full biodegradability [26].
All-cellulose composites are used in a wide range of applications such as the reinforcement of other
polymers, substitution of bone and cartilage materials, the fabrication of electro-active paper, sensors
and electrical displays, and the production of biodegradable food packaging materials and mulching
films for agriculture [26–37].
Trifluoroacetic acid (TFA) is one of the non-aqueous derivatizing solvents for cellulose [38–44].
The dissolution of cellulose by TFA might not occur in the absence of a chemical reaction [38]:
cellulose is trifluoroacetylated selectively in the C6-hydroxyl groups [39]. This derivative is readily
hydrolyzed in water, water vapor, or the moisture in the air, forming amorphous and transparent
cellulose films [11,38,40]. Trifluoroacetic acid is a naturally occurring organic acid and biodegradable
by microbial action [38,45,46]. Moreover, it is recyclable by distillation due to its high volatility and is
miscible with many organic solvents and water [11]. TFA has been recently used to fabricate bioplastics
from microcrystalline cellulose and plant wastes, as well as blends of cellulose with seaweeds, silk,
nylon, poly(methyl methacrylate), and poly(vinyl alcohol) [11,47–50]. When TFA is combined with
trifluoroacetic acid anhydride (TFAA), a reactive mixture that allows the acylation of cellulose and
cellulose derivatives with carboxylic acids is generated [51,52].
In this work, we prepared all-cellulose nanocomposites with potential application in food packaging
by using a simple method consisting of dissolving cellulose in a trifluoroacetic acid:trifluoroacetic
anhydride (2:1, v:v) mixture and subsequent addition of different cellulose nanofibers dispersed in
chloroform. The effect of the solvent in the nanocelluloses was investigated. In addition, the influence
of different percentages of these nanofillers on the morphology, optical, mechanical, thermal, and
hydrodynamic properties of the nanocomposites was assessed. Furthermore, a model was developed
to analyze the mechanical properties.
2. Materials and Methods
2.1. Materials
Trifluoroacetic acid (TFA), trifluoroacetic anhydride (TFAA), microcrystalline cellulose (MCC)
from cotton linters (crystallinity ~79%), and chloroform were purchased from Sigma-Aldrich (St. Gallen,
Switzerland) and used without additional purification. Cellulose nanofibers (two types: one nominally
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shorter than the other and labeled as sNF and lNF, respectively) were purchased from Nanografi
(Ankara, Turkey) and used as received. These nanofibers were prepared from wood pulp by using
mechanical methods and commercialized as dry powders.
2.2. Fabrication of All-Cellulose Nanocomposites
The preparation of all-cellulose nanocomposites was carried out as follows: first, MCC (450 mg)
was dissolved in 30 mL of TFA:TFAA (2:1, v:v) in a 50 mL closed flask and stirred at 50 ◦C until the
solution was completely clear (~1 h). Later, cellulose nanofibers (4.5, 22.5, 45, 90 and 135 mg) were
mixed with 30 mL chloroform and dispersed by three consecutive 30 s ultrasound cycles using a
3.2 mm diameter tapered microtip at 10% amplitude attached to a VCX 750 ultrasonic processor (Sonics
& Materials, Inc., Newtown, CT, USA). Then, both solutions were blended together and cast in glass
Petri dishes. The mixture of solvents was completely evaporated after 1 day under an aspirated hood,
originating freestanding films. Pure cellulose films were also prepared as a control using the same
protocol in order to study the role of the nanofibers as reinforcement of the cellulose matrix. Similarly,
to analyze the effect of the solvents on the nanocelluloses, the nanofibers were subjected to the above
treatment but without adding MCC. All samples were stored at 44% relative humidity (RH) for 7 days
before analysis to ensure the reproducibility of the measurements. Table 1 summarizes the label and
the final composition of the different samples.
Table 1. Label and final formulation of the samples.
Label MCC (wt.%)
Nanocellulose
Short Nanofibers (wt.%) Long Nanofibers (wt.%)
Cellulose 100 - -
sNF1 99 1 -
sNF5 95 5 -
sNF10 91 9 -
sNF20 83 17 -
sNF30 77 23 -
lNF1 99 - 1
lNF5 95 - 5
lNF10 91 - 9
lNF20 83 - 17
lNF30 77 - 23
2.3. Morphological Characterization
Atomic force microscopy (AFM) images were acquired using a Nanotec microscope (Nanotec,
Madrid, Spain) in low amplitude dynamic mode. Levers used were Nanosensors PPP-NCH (NanoWorld
AG, Neuchâtel, Switzerland) with a tip radius curvature less than 10 nm and a resonance frequency
of 295 kHz (29 N/m force constant). Samples were prepared from sonicated diluted dispersions
(0.1 mg/30 mL water) by placing a 10 µL drop on a freshly cleaved mica muscovite piece (~1 cm2) and
allowing to dry overnight inside a Petri dish. The width and length of the nanofibers were measured
with WSxM software [53]. Approximately 100 measurements were taken to obtain each width and
length distribution.
High-resolution scanning electron microscopy (SEM) imaging was carried out using a JEOL
JSM 7500FA (Jeol, Tokyo, Japan) equipped with a cold field-emission gun (FEG), operating at 15 kV
acceleration voltage. The samples were coated with a 10 nm thick film of carbon using an Emitech
K950X high-vacuum turbo system (Quorum Technologies Ltd., East Sussex, Lewes, UK). Imaging was
performed with the secondary electrons to analyze the morphology of the samples.
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2.4. Optical Characterization
Transparency was determined as the normalized transmittance according to the standard ASTM
D1746 by using a ultraviolet (UV) spectrophotometer Varian Cary 6000i (USA) [54]. For this, samples
were cut into rectangular pieces and placed directly in the spectrophotometer test cell. An empty test
cell was used as a reference. Five measurements were taken from different samples and the results
were averaged to obtain a mean value. Normalized transmittance, in percentage, was calculated as
indicated below:




where %T is the transmittance at 600 nm and b is the thickness of the sample (mm).
2.5. Structural Characterization
X-ray diffraction (XRD) patterns were recorded on a Rigaku SmartLab X-ray powder diffractometer
equipped with a 9 kW CuKα rotating anode (Rigaku, Tokyo, Japan), operating at 40 kV and 150 mA.
A Göbel mirror was used to convert the divergent X-ray beam into a parallel beam and to suppress
the Cu Kβ radiation. The specimens were analyzed at room temperature using a zero diffraction
quartz sample holder. XRD data analysis was carried out using PDXL 2.1 software from Rigaku. The





where I is the intensity of the peak assigned to (002) crystal plane of cellulose located at 21−23◦ and I′
is the intensity of the diffractogram of the amorphous cellulose at 18−19◦. In addition, the crystallite




where K is a constant of value 0.94, λ is the X-ray wavelength (0.15418 nm), θ is the diffraction angle
for the (200) plane, and β is the peak width at half the maximum intensity (calculated from peak
deconvolution when necessary).
2.6. Mechanical Characterization
The mechanical properties of the films were measured by uniaxial tensile tests on a dual
column Instron 3365 universal testing machine. Dog-bone-shaped samples were stretched at a rate
of 5 mm/min. All the stress–strain curves were recorded at 25 ◦C and 44% RH. Ten measurements
were conducted for each sample and the results were averaged to obtain a mean value. From the
stress–strain curves, Young’s modulus, yield stress, elongation at the break, and fracture energy (area
below the curve) were calculated.
2.7. Thermal Characterization
The thermal degradation behavior of the nanocelluloses was investigated by a standard
thermogravimetric analysis (TGA) method using a TGA Q500 from TA Instruments (New Castle,
DE, USA). Measurements were performed using 3–5 mg of sample in an aluminum pan under inert
N2 atmosphere with a flow rate of 50 mL/min in a temperature range from 30 to 600 ◦C with a heating
rate of 5 ◦C/min. The weight loss and its first derivative were recorded simultaneously as a function
of time/temperature.
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2.8. Water Uptake and Permeability
For water uptake measurements, samples were first dried by conditioning in a desiccator until no
change in sample weight was measured. Dry samples were weighed (~30 mg) on a sensitive electronic
balance and, then, placed in a 100% relative humidity (RH) chamber at 25 ◦C. Once the equilibrium
was reached, each sample was again weighed and the amount of adsorbed water was calculated as the
difference with the initial dry weight. Three measurements were taken and the results were averaged
to obtain a mean value. Water uptake, in percentage, was calculated as indicated below:




where mf is the sample weight at 100% RH and m0 is the sample weight at 0% RH.
Water vapor permeability (WVP) of all-cellulose nanocomposites was determined at 25 ◦C and
under 100% relative humidity gradient (∆RH %) according to the ASTM E96 standard method [56,57].
Then, 400 µL of deionized water (which generates 100% RH inside the permeation cell) was placed in
each test permeation cell (7 mm inside diameter, 10 mm inner depth). All-cellulose composites were
cut into circles and mounted on the top of the permeation cells. The permeation cells were placed in a
0% RH desiccator with anhydrous silica gel used as a desiccant agent. The water transferred through
the film was determined from the weight change of the permeation cell every hour over 7 h using an
electronic balance (0.0001 g accuracy). The weight loss of the permeation cells was plotted as a function
of time. The slope of each line was calculated by linear regression and the water vapor transmission
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WVP measurements were replicated three times for each sample. The WVP value was calculated
as follows:
WVP (g/(m·day·Pa)) = WVTR× l × 100
ps × ∆RH
where l (m) is the film thickness measured with a micrometer with 0.001 mm accuracy, ∆RH (%) is
the percentage relative humidity gradient, and ps (Pa) is the saturation water vapor pressure at 25 ◦C
(3168 Pa).
3. Results and Discussion
3.1. Effect of TFA/TFAA Mixture on the Cellulose Nanofibers
Short and long nanofibers (sNF and lNF, respectively) before and after TFA:TFAA treatment
were morphologically characterized by AFM (Figure 1). Figure 1A shows the AFM topographies of
the pristine and treated cellulose nanofibers. Both types of pristine nanocelluloses exhibited a fiber
morphology. The distribution of widths and lengths for each kind of nanofiber is displayed in Figure 1B.
While the widths of both nanocelluloses were very similar with a maximum at ~53 nm (although sNF
showed a narrower distribution), the values of the length were different: the maximums were ~100
and ~175 nm for sNF and lNF, respectively. Over again, the distribution of sNF was narrower than
the lNF. Interestingly, the mixture of solvents produced important changes in the morphology of the
cellulose nanofibers (Figure 1A). Broadly, agglomerations of the nanoparticles and flat islands of height
~2 nm were observed. Such islands could be produced by a partial solution of the cellulose by the
TFA/TFAA mixture and the formation of flat, amorphous cellulose when solvents were evaporated.
Similar flat and featureless AFM topography images with roughness <2 nm were obtained for cellulose
bioplastics prepared in TFA [11].
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Figure 1. (A) Atomic force microscopy (AFM) topographies of short nanofibers (sNF) and long
nanofibers (lNF) before and after the solvent treatment. The amorphous domains and agglomerations
in the topography of the treated lNF are indicated. Scale bar = 400 nm. (B) Histograms showing the
width (top) and length (bottom) distributions of the cellulose nanofibers: sNF (red), lNF (black).
The crystallinity of the cellulose nanofibers was evaluated by XRD (Figure 2A). The pattern of
the pristine nanofibers was typical of cellulose I structure [58]. Main peaks were assigned to the
following crystalline planes: (110) at ~15◦, (110) at ~17◦, (200) at ~23◦, and (400) at ~35◦, while a minor
amorphous contribution was observed at ~21◦ [59]. After the solvent treatment, crystalline peaks were
partially masked by the amorphous one. In fact, the CrI decreased from ~58 and ~45% for pristine sNF
and lNF, respectively, to ~13 and ~24% for sNF and lNF after the TFA/TFAA treatment. Moreover, the
crystallite size of cellulose was reduced from ~4.0 and ~4.3 nm for pristine sNF and lNF, respectively,
to ~2.9 and ~3.1 nm for sNF and lNF after the TFA/TFAA treatment. Hence, the mixture of TFA and
TFAA can partially dissolve the cellulose nanofibers, decreasing the crystallinity and the crystallite
size of cellulose and originating amorphous cellulose, as observed in AFM images.
The effect of the solvent treatment in the therm l properti s of the nanofibers was analyzed by
TGA (Figure 2B,C) Pris ine sNF and lNF showed a similar behavior with a single weight loss of ~56%
at ~275 ◦C. On other hand, after t e solution in TFA/TFAA, both typ s nanocelluloses showed
two thermal events: a weight loss of ~30% at ~250 ◦C and ano r of ~17% at ~275 ◦C. The t ermal
degradation at a lower temperature can be related to th partial hydrolysis of orphous and lower
molecular weight cellulose domains that appear after the solvent treatment [60,61], while the second
one can be ascribed to the part of the nanocelluloses unaffected by the acid and the anhydride.
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3.2. Optical and Morphological Characterization of the Nanocomposites
Transparency is an important feature of food packaging materials since it allows the consumers a
visual and direct inspection of the food and it is usually characterized by UV–Vis spectroscopy [10,62].
Figure 3A shows the transparency (i.e., the normalized transmittance calculated from these spectra
as the ratio of the corresponding transmittance at 600 nm and the film thickness) for all the samples
as a function of the nanocellulose content. In general, the transparency values were higher than
80%, which is considered as the lower limit for good transparency [54]. As observed, there was a
relationship between the normalized transmittance and the nanocellulose content independent of the
type of cellulose nanofiber used. Values ranged from ~91% for cellulose to ~84 and ~83% for sNF30
and lNF30, respectively. Most likely, this decrease can be related to a higher light scattering induced
by the cellulose nanoparticles. To corroborate this, the distribution of the nanocellulose fillers in the
cellulose matrix was characterized by HR-SEM (Figure 3B). The cross-sections of lNF30 and sNF30 are
shown in Figure 3B. While cellulose displayed a smooth, homogeneous topography (inset Figure 1A),
lNF30 and sNF30 exhibited rougher cross-sections with motifs of few tens of nanometers that can be
attributed to folded or aggregated nanocelluloses.
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3.3. Mechanical Characterization of the Nanocomposites
Stress–strain curves of all-cellulose nanocomposites are shown in Figure 4A,B. In general, the
curves were typical of rigid materials with high stresses at the break and low values of elongation at
the break. A strong reinforcement effect due to the addition of nanocelluloses was clearly observed.
The shape of the curves depended on the amount of nanocellulose and was unrelated to the type of
nanofiller used. Figure 4C shows Young’s modulus values of the all-cellulose films. Initially, Young’s
modulus increment followed a linear trend from cellulose (~1750 MPa) to a 10 wt.% nanocellulose
concentration (~4783 MPa for sNF10 and ~2510 MPa for lNF10) but decreased progressively from that
content with either cellulose nanofibers. The composites produced with sNF nanofibers were much
stiffer than the longer ones. This is counterintuitive as longer particles are expected to better transfer
load from the matrix and to form a more interconnected network. The lower rigidity can be attributed
to a higher tendency to aggregation or to lower initial modulus of the longer nanofibers compared
to the shorter ones. Both aspects were evaluated by modeling the composite modulus of the lNFs














E f /Em − 1
E f /Em + 2(l/d)
(1b)
ηT =
E f /Em − 1
E f /Em + 2
(1c)
where Em, Ef, and Ec are the moduli of the matrix, the filler, and the composite, respectively, Vf is the
fibers’ relative volume concentration, and l and d are the length and diameter of the fillers. Thus, the
composite modulus depends on the filler modulus and on the l/d ratio. We assume here: (i) the geometry
of both cellulose nanofibers is the one calculated by AFM and (ii) at low nanofiber concentration, the
dispersion is homogeneous. From these assumptions, the value of nanofibers modulus as the only
variable in Equation (1a) can be calculated by fitting the first four points measured (cellulose and the
nanocomposites containing 1%, 5%, and 9% nanocellulose concentration). For lNF nanocomposites, all
points yielded the same values of modulus Ef ≈ 80 GPa, which is in agreement with reports of bacterial
cellulose and indicates that the assumptions above are reliable [64]. From there, the differences between
the model and experimental values, which is seen for higher concentrations, can be explained by fiber
agglomerations. It should be pointed out that the modulus reduction, which is not fitted with Equation
(1a), even for l/d = 1 (spherical-like agglomerates), suggests that for such loading, the homogeneous
matrix/filler structure was not maintained and the non-continuous fibers could not bear load properly.
Therefore, the model applied here can be considered valid only for low nanocellulose concentrations in
which the phenomenon of nanofiber aggregation is not predominant. Similar results of the modeling
were obtained for the sNF composites, with a slightly higher value of the fitting modulus (Ef ≈ 90 GPa)
and the same discrepancy with experimental data for concentrations above 9%.
Considering other mechanical parameters (Figure 4D–F), yield stress followed a similar trend
as Young’s modulus in both families of composites. An initial strong increment (from ~20 MPa for
cellulose to ~84 MPa for sNF5 and ~73 MPa for lNF10) was followed by a progressive decline. The trend
finished at ~56 MPa for both sNF30 and lNF30 nanocomposites, as agglomeration took place. On the
other hand, the elongation at the break showed a twofold increment (from ~3.0% for cellulose to ~7.1
and ~8.5% for sNF and lNF films) that was maintained even at high filler concentrations. This was
attributed to the bridging effect of fibers that hinder crack propagation with a toughening effect [65].
Direct measurement of the fracture energy confirmed the improvement from ~37 J/cm3 for cellulose
to ~449 and ~510 J/cm3 for sNF5 and lNF10, respectively, i.e., an increase of ~13 times. These values
decreased to ~260 J/cm3 for the samples with a 30 wt.% of nanocelluloses.
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Figure 4. (A,B) Stress–strain curves of all-cellulose nanocomposites prepared with short and long
nanofibers, respectively. (C) Experimental Young’s modulus as a function of nanocellulose content;
the dashed line indicates the analytical model for lNF composites. As the nanocellulose content is
increased, the model does not fit the experimental data, even if aggregation is accounted for as a
variation of the aspect ratio (hollow points). (D–F) iel stress, strain at the break, and fracture energy
values s a function of nanocellu ose content.
3.4. Water Permeability and Uptake of the Nanocomposites
The water p m ability was measured for the ll-c se nanocomposites. Figure 5A pre ents
the wat r permeability values versu the nanocellul tent. Pure cellulose films present a water
permeability value of 1.1·10−3 g m−1 day− Pa 1 (data not shown). When 1 wt.% cellulose nanofibers
were added, the values were ~2.5·10−4 and 2.9·10−4 g m−1 day−1 Pa−1 for sNF1 and lNF1, respectively.
Increasing the nanocellulose content, the values decreased linearly until the final values of 1.5·10−4 and
1.7·10−4 g m−1 day−1 Pa−1 for sNF30 and lNF30, respectively, i.e., a reduction of ~40% for both of them.
This decrease can be explained by the increasing tortuosity through the nanocomposite cross-section
during water migration. Thus, for the samples containing 1 wt.% nanocellulose, water can easily
find a way through the cellulose matrix, which is mainly amorphous [11]. On the other hand, for
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samples with a 23 wt.% nanocellulose, there are many obstacles—i.e., relatively crystalline, aggregated
cellulose nanofibers—that increase the path that water molecules travel to leave the composite. Small
differences were found between the two sources of nanocellulose used in this study, being slightly
higher values for the films prepared from shorter cellulose nanofibers. This can be explained by
a different aggregation and/or folding of these nanocelluloses during the fabrication process, as
discussed during the mechanical characterization.
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Water uptake was also evaluated for all the samples (Figure 5B). Almost no differences were found
with changing the percentage of nanocellulose. The mean water uptake for the nanocomposites was
~34%. This behavior can be explained for the fact that both amorphous cellulose acting as a matrix and
nanocelluloses as reinforcements have the typical hydrophilic character of cellulose. Therefore, from
a water protection point of view, this material does not provide moisture protection. Nevertheless,
further investigations are required to clarify whether water can act as a plasticizer of all-cellulose
composites in a similar way as described in the literature for other biopolymers [66].
4. Conclusions
In this work, we showed that a mixture of TFA and TFAA can be used as a solvent to produce
all-cellulose nanocomposites from microcrystalline cellulose and cellulose nanofillers (i.e., short
and long nanofibers). Cellulose nanofibers were partially dissolved during the production process,
increasing the content of the amorphous phase and reducing the crystallite size of cellulose. This
allowed good compatibility with the cellulose matrix. The nanocellulose content affected the final
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properties of the composites: keeping excellent transparency, improving mechanical properties, and
relatively reducing the water permeability. These characteristics can be exploited in their potential
application as food packaging films.
Author Contributions: Conceptualization, J.A.H.-G.; Data curation, S.G.-P.; Formal analysis, L.C., S.M., and
J.A.H.-G.; Investigation, S.G.-P., G.T., A.S., and J.J.B.; Supervision, A.A. and J.A.H.-G.; Writing–original draft,
S.G.-P., L.C., and J.A.H.-G.; Writing–review and editing, S.G.-P., L.C., G.T., S.M., J.J.B., A.A., and J.A.H.-G.
Acknowledgments: The authors would like to thank Lara Marini for her assistance with the thermal measurements.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Blettler, M.C.M.; Abrial, E.; Khan, F.R.; Sivri, N.; Espinola, L.A. Freshwater plastic pollution: Recognizing
research biases and identifying knowledge gaps. Water Res. 2018, 143, 416–424. [CrossRef] [PubMed]
2. Hamid, F.S.; Bhatti, M.S.; Anuar, N.; Anuar, N.; Mohan, P.; Periathamby, A. Worldwide distribution and
abundance of microplastic: How dire is the situation? Waste Manag. Res. 2018, 36, 873–897. [CrossRef] [PubMed]
3. Law, K.L.; Annual, R. Plastics in the Marine Environment. In Annual Review of Marine Science; Annual
Reviews; Palo Alto: Santa Clara, CA, USA, 2017; Volume 9, pp. 205–229.
4. Heredia-Guerrero, J.A.; Athanassiou, A. Editorial: Non-polysaccharide Plant Polymeric Materials. Front. Mater.
2016, 3, 15. [CrossRef]
5. Penca, J. European Plastics Strategy: What promise for global marine litter? Mar. Pol. 2018, 97, 197–201.
[CrossRef]
6. Guillard, V.; Gaucel, S.; Fornaciari, C.; Angellier-Coussy, H.; Buche, P.; Gontard, N. The Next Generation of
Sustainable Food Packaging to Preserve Our Environment in a Circular Economy Context. Front. Nutr. 2018,
5, 13. [CrossRef] [PubMed]
7. Geueke, B.; Groh, K.; Muncke, J. Food packaging in the circular economy: Overview of chemical safety
aspects for commonly used materials. J. Clean Prod. 2018, 193, 491–505. [CrossRef]
8. Thakur, S.; Chaudhary, J.; Sharma, B.; Verma, A.; Tamulevicius, S.; Thakur, V.K. Sustainability of bioplastics:
Opportunities and challenges. Curr. Opin. Green Sustain. Chem. 2018, 13, 68–75. [CrossRef]
9. Tedeschi, G.; Benitez, J.J.; Ceseracciu, L.; Dastmalchi, K.; Itin, B.; Stark, R.E.; Heredia, A.; Athanassiou, A.;
Heredia-Guerrero, J.A. Sustainable Fabrication of Plant Cuticle-Like Packaging Films from Tomato Pomace
Agro-Waste, Beeswax, and Alginate. ACS Sustain. Chem. Eng. 2018, 6, 14955–14966. [CrossRef]
10. Heredia-Guerrero, J.A.; Benitez, J.J.; Cataldi, P.; Paul, U.C.; Contardi, M.; Cingolani, R.; Bayer, I.S.; Heredia, A.;
Athanassiou, A. All-Natural Sustainable Packaging Materials Inspired by Plant Cuticles. Adv. Sustain. Syst.
2017, 1, 1600024. [CrossRef]
11. Bayer, I.S.; Guzman-Puyol, S.; Heredia-Guerrero, J.A.; Ceseracciu, L.; Pignatelli, F.; Ruffilli, R.; Cingolani, R.;
Athanassiou, A. Direct Transformation of Edible Vegetable Waste into Bioplastics. Macromolecules 2014, 47,
5135–5143. [CrossRef]
12. Delgado, M.; Felix, M.; Bengoechea, C. Development of bioplastic materials: From rapeseed oil industry by
products to added-value biodegradable biocomposite materials. Ind. Crop. Prod. 2018, 125, 401–407. [CrossRef]
13. Torres-Giner, S.; Hilliou, L.; Melendez-Rodriguez, B.; Figueroa-Lopez, K.J.; Madalena, D.; Cabedo, L.;
Covas, J.A.; Vicente, A.A.; Lagaron, J.M. Melt processability, characterization, and antibacterial activity
of compression-molded green composite sheets made of poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
reinforced with coconut fibers impregnated with oregano essential oil. Food Packag. Shelf Life 2018, 17, 39–49.
[CrossRef]
14. Benítez, J.J.; Castillo, P.M.; del Río, J.C.; León-Camacho, M.; Domínguez, E.; Heredia, A.; Guzmán-Puyol, S.;
Athanassiou, A.; Heredia-Guerrero, J.A. Valorization of Tomato Processing by-Products: Fatty Acid
Extraction and Production of Bio-Based Materials. Materials 2018, 11, 2211. [CrossRef] [PubMed]
15. Perotto, G.; Ceseracciu, L.; Simonutti, R.; Paul, U.C.; Guzman-Puyol, S.; Tran, T.-N.; Bayer, I.S.; Athanassiou, A.
Bioplastics from vegetable waste via an eco-friendly water-based process. Green Chem. 2018, 20, 894–902.
[CrossRef]
16. Klemm, D.; Heublein, B.; Fink, H.P.; Bohn, A. Cellulose: Fascinating biopolymer and sustainable raw
material. Angew. Chem.-Int. Edit. 2005, 44, 3358–3393. [CrossRef] [PubMed]
Nanomaterials 2019, 9, 368 12 of 14
17. Siro, I.; Plackett, D. Microfibrillated cellulose and new nanocomposite materials: A review. Cellulose 2010, 17,
459–494. [CrossRef]
18. Guzman-Puyol, S.; Ceseracciu, L.; Heredia-Guerrero, J.A.; Anyfantis, G.C.; Cingolani, R.; Athanassiou, A.;
Bayer, I.S. Effect of trifluoroacetic acid on the properties of polyvinyl alcohol and polyvinyl alcohol-cellulose
composites. Chem. Eng. J. 2015, 277, 242–251. [CrossRef]
19. Nishino, T.; Peijs, T. All-cellulose Composites. In Handbook of Green Materials, Vol 2: Bionanocomposites:
Processing, Characterization and Properties; Oksman, K., Mathew, A.P., Bismarck, A., Rojas, O., Sain, M.,
Qvintus, P., Eds.; World Scientific Publ Co Pte Ltd.: Singapore, 2014; Volume 5, pp. 201–216.
20. Huber, T.; Mussig, J.; Curnow, O.; Pang, S.S.; Bickerton, S.; Staiger, M.P. A critical review of all-cellulose
composites. J. Mater. Sci. 2012, 47, 1171–1186. [CrossRef]
21. Wei, X.; Wei, W.; Cui, Y.H.; Lu, T.J.; Jiang, M.; Zhou, Z.W.; Wang, Y. All-cellulose composites with ultra-high
mechanical properties prepared through using straw cellulose fiber. RSC Adv. 2016, 6, 93428–93435. [CrossRef]
22. Li, J.Y.; Nawaz, H.; Wu, J.; Zhang, J.M.; Wan, J.Q.; Mi, Q.Y.; Yu, J.; Zhang, J. All-cellulose composites based
on the self-reinforced effect. Compos. Commun. 2018, 9, 42–53. [CrossRef]
23. Yousefi, H.; Nishino, T.; Faezipour, M.; Ebrahimi, G.; Shakeri, A. Direct fabrication of all-cellulose nanocomposite
from cellulose microfibers using ionic liquid-based nanowelding. Biomacromolecules 2011, 12, 4080–4085.
[CrossRef] [PubMed]
24. Tervahartiala, T.; Hildebrandt, N.C.; Piltonen, P.; Schabel, S.; Valkama, J.P. Potential of all-cellulose composites
in corrugated board applications: Comparison of chemical pulp raw materials. Packag. Technol. Sci. 2018, 31,
173–183. [CrossRef]
25. Hu, W.; Chen, G.; Liu, Y.; Liu, Y.Y.; Li, B.; Fang, Z.G. Transparent and Hazy All-Cellulose Composite Films
with Superior Mechanical Properties. ACS Sustain. Chem. Eng. 2018, 6, 6974–6980. [CrossRef]
26. Ghaderi, M.; Mousavi, M.; Yousefi, H.; Labbafi, M. All-cellulose nanocomposite film made from bagasse
cellulose nanofibers for food packaging application. Carbohydr. Polym. 2014, 104, 59–65. [CrossRef] [PubMed]
27. Soykeabkaew, N.; Arimoto, N.; Nishino, T.; Peijs, T. All-cellulose composites by surface selective dissolution
of aligned ligno-cellulosic fibres. Compos. Sci. Technol. 2008, 68, 2201–2207. [CrossRef]
28. Mathew, A.P.; Oksman, K.; Pierron, D.; Harmand, M.F. Fibrous cellulose nanocomposite scaffolds prepared by
partial dissolution for potential use as ligament or tendon substitutes. Carbohydr. Polym. 2012, 87, 2291–2298.
[CrossRef]
29. He, X.; Xiao, Q.; Lu, C.H.; Wang, Y.R.; Zhang, X.F.; Zhao, J.Q.; Zhang, W.; Zhang, X.M.; Deng, Y.L. Uniaxially
Aligned Electrospun All-Cellulose Nanocomposite Nanofibers Reinforced with Cellulose Nanocrystals:
Scaffold for Tissue Engineering. Biomacromolecules 2014, 15, 618–627. [CrossRef] [PubMed]
30. Kim, J.; Yun, S.; Ounaies, Z. Discovery of cellulose as a smart material. Macromolecules 2006, 39, 4202–4206.
[CrossRef]
31. Nakagaito, A.N.; Nogi, M.; Yano, H. Displays from Transparent Film of Natural Nanofibers. Mrs Bull. 2010,
35, 214–218. [CrossRef]
32. Khan, A.; Abas, Z.; Kim, H.S.; Kim, J. Recent Progress on Cellulose-Based Electro-Active Paper, Its Hybrid
Nanocomposites and Applications. Sensors 2016, 16, 1172. [CrossRef] [PubMed]
33. Bondeson, D.; Syre, P.; Niska, K.O. All cellulose nanocomposites produced by extrusion. J. Biobased
Mater. Bioenergy 2007, 1, 367–371. [CrossRef]
34. De Azeredo, H.M.C. Nanocomposites for food packaging applications. Food Res. Int. 2009, 42, 1240–1253.
[CrossRef]
35. Hubbe, M.A.; Ferrer, A.; Tyagi, P.; Yin, Y.Y.; Salas, C.; Pal, L.; Rojas, O.J. Nanocellulose in Thin Films, Coatings,
and Plies for Packaging Applications: A Review. Bioresources 2017, 12, 2143–2233. [CrossRef]
36. Li, F.; Mascheroni, E.; Piergiovanni, L. The Potential of NanoCellulose in the Packaging Field: A Review.
Packag. Technol. Sci. 2015, 28, 475–508. [CrossRef]
37. Kumar, T.S.M.; Rajini, N.; Reddy, K.O.; Rajulu, A.V.; Siengchin, S.; Ayrilmis, N. All-cellulose composite films
with cellulose matrix and Napier grass cellulose fibril fillers. Int. J. Biol. Macromol. 2018, 112, 1310–1315.
[CrossRef] [PubMed]
38. Geddes, A.L. Interaction of trifluoroacetic acid with cellulose and related compounds. J. Polym. Sci. 1956, 22,
31–39. [CrossRef]
39. Hasegawa, M.; Isogai, A.; Onabe, F.; Usuda, M. Dissolving states of cellulose and chitosan in trifluoroacetic-
acid. J. Appl. Polym. Sci. 1992, 45, 1857–1863. [CrossRef]
Nanomaterials 2019, 9, 368 13 of 14
40. Liebert, T.; Schnabelrauch, M.; Klemm, D.; Erler, U. Readily hydrolyzable cellulose esters as intermediates
for the regioselective derivatization of cellulose. 2. soluble, highly substituted cellulose trifluoroacetates.
Cellulose 1994, 1, 249–258. [CrossRef]
41. Zhao, H.B.; Holladay, J.E.; Kwak, J.H.; Zhang, Z.C. Inverse temperature-dependent pathway of cellulose
decrystallization in trifluoroacetic acid. J. Phys. Chem. B 2007, 111, 5295–5300. [CrossRef] [PubMed]
42. Zhao, H.B.; Holladay, J.E.; Kwak, J.H.; Zhang, Z.C. A new route to improved glucose yields in cellulose
hydrolysis. J. Biobased Mater. Bioenergy 2007, 1, 210–214. [CrossRef]
43. Heinze, T.; Liebert, T. Unconventional methods in cellulose functionalization. Prog. Polym. Sci. 2001, 26,
1689–1762. [CrossRef]
44. Liebert, T. Cellulose Solvents—Remarkable History, Bright Future. In Cellulose Solvents: For Analysis, Shaping
and Chemical Modification; Liebert, T.F., Heinze, T.J., Edgar, K.J., Eds.; American Chemical Society: Washington,
DC, USA, 2010; pp. 3–54.
45. Scott, B.F.; Macdonald, R.W.; Kannan, K.; Fisk, A.; Witter, A.; Yamashita, N.; Durham, L.; Spencer, C.;
Muir, D.C.G. Trifluoroacetate profiles in the Arctic, Atlantic, and Pacific Oceans. Environ. Sci. Technol. 2005,
39, 6555–6560. [CrossRef] [PubMed]
46. Kim, B.R.; Suidan, M.T.; Wallington, T.J.; Du, X. Biodegradability of trifluoroacetic acid. Environ. Eng. Sci.
2000, 17, 337–342. [CrossRef]
47. Guzman-Puyol, S.; Russo, D.; Penna, I.; Ceseracciu, L.; Palazon, F.; Scarpellini, A.; Cingolani, R.; Bertorelli, R.;
Bayer, I.S.; Heredia-Guerrero, J.A.; et al. Facile production of seaweed-based biomaterials with antioxidant
and anti-inflammatory activities. Algal Res. 2017, 27, 1–11. [CrossRef]
48. Guzman-Puyol, S.; Heredia-Guerrero, J.A.; Ceseracciu, L.; Hajiali, H.; Canale, C.; Scarpellini, A.; Cingolani, R.;
Bayer, I.S.; Athanassiou, A.; Mele, E. Low-Cost and Effective Fabrication of Biocompatible Nanofibers from
Silk and Cellulose-Rich Materials. ACS Biomater. Sci. Eng. 2016, 2, 526–534. [CrossRef]
49. Papadopoulou, E.L.; Heredia-Guerrero, J.A.; Vázquez, M.I.; Benavente, J.; Athanassiou, A.; Bayer, I.S.
Self-organized microporous cellulose-nylon membranes. Polymer 2017, 120, 255–263. [CrossRef]
50. Tran, T.N.; Paul, U.; Heredia-Guerrero, J.A.; Liakos, I.; Marras, S.; Scarpellini, A.; Ayadi, F.; Athanassiou, A.;
Bayer, I.S. Transparent and flexible amorphous cellulose-acrylic hybrids. Chem. Eng. J. 2016, 287, 196–204.
[CrossRef]
51. Tedeschi, G.; Guzman-Puyol, S.; Paul, U.C.; Barthel, M.J.; Goldoni, L.; Caputo, G.; Ceseracciu, L.;
Athanassiou, A.; Heredia-Guerrero, J.A. Thermoplastic cellulose acetate oleate films with high barrier
properties and ductile behaviour. Chem. Eng. J. 2018, 348, 840–849. [CrossRef]
52. Heredia-Guerrero, J.A.; Goldoni, L.; Benitez, J.J.; Davis, A.; Ceseracciu, L.; Cingolani, R.; Bayer, I.S.; Heinze, T.;
Koschella, A.; Heredia, A.; et al. Cellulose-polyhydroxylated fatty acid ester-based bioplastics with tuning
properties: Acylation via a mixed anhydride system. Carbohydr. Polym. 2017, 173, 312–320. [CrossRef]
[PubMed]
53. Horcas, I.; Fernández, R.; Gómez-Rodríguez, J.M.; Colchero, J.; Gómez-Herrero, J.; Baro, A.M. WSXM: A
software for scanning probe microscopy and a tool for nanotechnology. Rev. Sci. Instrum. 2007, 78, 013705.
[CrossRef] [PubMed]
54. ASTM. Standard Test Method for Transparency of Plastic Sheeting; ASTM: West Conshohocken, PA, USA, 2015.
55. Segal, L.; Creely, J.J.; Martin, A.E.; Conrad, C.M. An Empirical Method for Estimating the Degree of
Crystallinity of Native Cellulose Using the X-Ray Diffractometer. Text. Res. J. 1959, 29, 786–794. [CrossRef]
56. Savadekar, N.R.; Mhaske, S.T. Synthesis of nano cellulose fibers and effect on thermoplastics starch based
films. Carbohydr. Polym. 2012, 89, 146–151. [CrossRef] [PubMed]
57. Bedane, A.H.; Eic, M.; Farmahini-Farahani, M.; Xiao, H.N. Water vapor transport properties of regenerated
cellulose and nanofibrillated cellulose films. J. Membr. Sci. 2015, 493, 46–57. [CrossRef]
58. Nishino, T.; Matsuda, I.; Hirao, K. All-Cellulose Composite. Macromolecules 2004, 37, 7683–7687. [CrossRef]
59. Duchemin, B.J.C.; Newman, R.H.; Staiger, M.P. Structure–property relationship of all-cellulose composites.
Compos. Sci. Technol. 2009, 69, 1225–1230. [CrossRef]
60. Hideno, A. Comparison of the Thermal Degradation Properties of Crystalline and Amorphous Cellulose, as
well as Treated Lignocellulosic Biomass. Bioresources 2016, 11, 6309–6319. [CrossRef]
61. Wang, Z.H.; McDonald, A.G.; Westerhof, R.J.M.; Kersten, S.R.A.; Cuba-Torres, C.M.; Ha, S.; Pecha, B.;
Garcia-Perez, M. Effect of cellulose crystallinity on the formation of a liquid intermediate and on product
distribution during pyrolysis. J. Anal. Appl. Pyrolysis 2013, 100, 56–66. [CrossRef]
Nanomaterials 2019, 9, 368 14 of 14
62. Cazon, P.; Vazquez, M.; Velazquez, G. Cellulose-glycerol-polyvinyl alcohol composite films for food
packaging: Evaluation of water adsorption, mechanical properties, light-barrier properties and transparency.
Carbohydr. Polym. 2018, 195, 432–443. [CrossRef] [PubMed]
63. Mallick, P.K. Fiber-Reinforced Composites: Materials, Manufacturing, and Design, 2nd ed.; Taylor & Francis:
Didcot, UK, 1993.
64. Guhados, G.; Wan, W.K.; Hutter, J.L. Measurement of the elastic modulus of single bacterial cellulose fibers
using atomic force microscopy. Langmuir 2005, 21, 6642–6646. [CrossRef] [PubMed]
65. Norman, D.A.; Robertson, R.E. The effect of fiber orientation on the toughening of short fiber-reinforced
polymers. J. Appl. Polym. Sci. 2003, 90, 2740–2751. [CrossRef]
66. Vieira, M.G.A.; da Silva, M.A.; dos Santos, L.O.; Beppu, M.M. Natural-based plasticizers and biopolymer
films: A review. Eur. Polym. J. 2011, 47, 254–263. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
